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Laser ablation (LA) represents a minimally invasive intervention that is gaining acceptance for the treatment of 
different types of cancer, leading to important advantages such as less pain and shorter recovery time. Accurate 
monitoring of ablation progression is crucial to prevent damage of non-cancerous tissues and optimize the outcome 
of the intervention. To this end, imaging techniques such as ultrasound, computed tomography or magnetic resonance 
imaging have been used for monitoring LA. However, these techniques feature important drawbacks such as the need 
of contrast agents, poor spatio-temporal resolution or high cost. Optoacoustics (OA, photoacoustic) has recently been 
shown to provide unique properties to monitor thermal treatments. Herein, we demonstrate the feasibility of 
optoacoustic laser-ablation (OLA) monitoring in a murine breast tumor model using a single short-pulsed 1064 nm 
laser source. The effect of irradiation was volumetrically tracked with the OA images acquired with a 256-element 




Cancer treatments by laser ablation (LA) are gaining popularity as a viable alternative to tumor resection 1–3. LA is 
considered a minimally invasive intervention causing less pain and involving shorter recovery time than standard 
surgery 2,4,5. Monitoring of the LA procedure is essential to determine the end point of irradiation and optimize the 
treatment outcome. Nd:YAG laser sources operated at 1064 nm are commonly used to provide irradiation energy, 
which can penetrate a few millimeters to centimeters into biological tissues. Some of the effects induced by laser 
exposure are tissue heating, tissue removal, thermal injury, tissue vaporization, melting, ejection and pyrolysis 3. These 
and other effects can be visualized using imaging modalities such as computed tomography, ultrasound and magnetic 
resonance imaging. However, these techniques have drawbacks such as the need for contrast agents, poor resolution 
or high costs and logistical complexity. 
Optoacoustic (OA, photoacoustic) imaging has been widely employed for small animal imaging 6–16 and has 
additionally been demonstrated to provide unique advantages for monitoring different types of thermal treatments 17–
25. As examples, real-time OA imaging during radiofrequency (RF) ablation of ex vivo tissues has being shown 26. 
Validation of the OA images of RF ablated tissues was further showcased 27. Additionally, OA has been used to 
monitor ultrasound heating 28, laser thermal treatments 21,29 or cryoablation 30. In this work, we demonstrate the 
feasibility of optoacoustic laser-ablation (OLA), which is simultaneous OA imaging and LA of a murine breast tumor 
model in-vivo using the same 1064 nm short-pulsed laser source.  
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2. Materials and Methods 
 
2.1. Experimental set-up. 
 
The experimental system used for laser ablation of tumors is depicted in Fig. 1. The 1064 nm output beam from 
Nd:YAG laser (Innolas, GmbH, Krailling, Germany) was delivered into a subcutaneous mouse tumor. A mirror (PF10-
03-P01P, Thorlabs, Newton, NJ, USA) and a diverging lens (LC1715-C, Thorlabs, Newton, NJ, USA) were used to 
guide and diverge the laser beam to illuminate the sample with a beam diameter of ~1 cm, thus covering the entire 
tumor. The light beam provided 10 W of energy deposited on the sample at a pulse repetition of 100 Hz. The OA 
pressure waves generated during the ablation procedure were acquired using a 256 element spherical array transducer 
with a center frequency of 4 MHz and 100% detection bandwidth (Imasonic SaS Voray, France) 31. A data acquisition 
unit (Falkenstein Mikrosysteme GmbH, Taufkirchen, Germany) with a sampling frequency of 40 megasamples/s was 
used to amplify and digitize the signals. Volumetric images of a region with size 20x20x20 mm3 
(200x200x200 voxels) were reconstructed with a standard back-projection algorithm considering an average speed of 
sound of 1500 m/s. Image reconstruction and post-processing was done with a self-developed MATLAB software 
based code, executed on a personal computer (Intel xeon E5-1630 3.7 GHz processor, 16 GB RAM, 64 bit windows 
10 operating system). 
 
 
Fig 1: Experimental set-up for laser ablation of a murine tumor model. 
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2.2. Ablation experiment. 
 
A Athymic Nude Foxn1 mouse (Envigo, Huntingdon, UK) mouse was injected with 4T1 tumor cells in the mammary 
fat pad. The induced tumor was ablated 10 days after cell inoculation. For this, the mouse was placed in supine position 
on top of an agar block used to fill the volume enclosed by the spherical array to guarantee acoustic coupling. 
Thermocouples were inserted into the core of the tumor and periphery of the tumor to monitor the temperature rise 
during the OLA. 30 minutes before the ablation the mouse received 0.1 mg/kg Buprenorphin s.c. The mouse was kept 
under isoflurane anesthesia during the LA procedure and euthanized immediately after. The experiment was 





The disruption of the tissue structure during ablation can be recognized by inspecting the maximum intensity 
projections (MIPs) of the reconstructed OA images shown in Fig. 2(a). Five representative time points during the 
130 s ablation procedure are shown. The MIPs along the lateral (xz plane) and axial (xy plane) directions are displayed 
in the top and bottom panels, respectively. The projections are normalized by the maximum intensity of the volume 
in the entire image sequence. The intensity of OA signal increases during initial heating and then reduces over further 
irradiation. Initial rise in temperature could be attributed to the absorbance by the blood in the blood vessels which 
are destroyed on heating beyond 30 s exposure. The trend of initial rise and drop of OA signal shown here is similar 
to the trend shown by Felm et al. for endovenous laser therapy 32. Figs. 2(b) and 2(c) are photographs of the tumor 
taken before and after ablation, respectively. The reduced redness and increased volume of the post-ablated tumor 
validates the induced tissue damage. The clearly observed changes in the OA images during laser ablation may serve 
to identify the end points of the ideal ablation procedure. 
 
Fig 2: (a) Maximum intensity projections (MIPs) of the reconstructed optoacoustic images along the x (yz plane) and z (xy plane) 
directions at 5, 30, 60, 90 and 120 s. (b) Photograph of the tumor before ablation. (c) Photograph of the tumor after ablation. 
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4. Discussion and Conclusions. 
 
One of the most important challenges of LA is the determination of the end point of energy deposition. Insufficient 
heating leads to recurrence of the tumor while overdose of irradiation causes damage of the surrounding healthy tissue. 
Hence, monitoring of thermal doses in real-time is a primary need during LA. Herein, the feasibility of OLA, OA 
monitoring of LA using the same short-pulsed laser source was demonstrated. The effect of irradiation was 
volumetrically tracked and the structural damage induced in the tissue was clearly seen during the LA procedure. OA 
may additionally serve to determine that (1) the ablation zone covers the entire area of the tumor and (2) sufficient 
exposure at the desired temperature is achieved, which however was not demonstrated in this study. The presented 
results anticipate the applicability of OA as a LA monitoring tool in the clinical setting. As future steps, we aim to 
automatically shape the beam according to the size of the tumor such that the temperature is maintained below 
vaporization at all points and improve the image reconstruction procedures to better visualize the internal structures. 
Also, accurate extraction of the temperature distribution in the tumor volume remains a major challenge for OLA that 
we also aim to address. 
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